In this paper, a set of digital artifacts related to simple examples of structural engineering are presented. The artifacts are real-time applications and visualizations of typical problems students from the architecture, engineering and construction (AEC) schools are acquainted with. The real-time nature of the examples allow a high level of interaction between humans and the classic visualization of results, namely, bending and shear force diagrams, internal stresses distributions and contour plots. These artifacts may provide in AEC a twofold educational target: i) for users, to provide visual understanding in real time of typical problems that must be understood in classic lectures of structural engineering; ii) for developers, to provide meaningful applications of applied digital fabrication using sensors, microcontrollers and GUI's and their potential in the development of tools related to Structural Health Monitoring (SHM) and the Internet of Things (IoT) among students of the AEC sector.
Introduction
Education takes many forms when it comes to teaching structural engineering in civil engineering schools worldwide. The educational spectrum, similarly to other engineering fields is fairly wide. Methods range from classical master lectures to software-and project-based environments. Broadly speaking, it can be stated that structural engineering is taught at four different levels: i) via an in-depth theoretical mathematical background involving linear algebra, partial differential equations and numerical methods for solving structures in a computational fashion, ii) via a practical approach aimed at using and understanding the theory behind national guidelines and codes for the design of structures of various construction materials, iii) via a softwarebased design in which the provided theoretical background is aimed at generating conscious users of such packages and also, to a lesser extent iv) via experimental experiences in laboratories involving different structural configurations, materials and scales. Admittedly, the depth of each one of these levels depends on schools' educational targets, to their corresponding curricula as well as to economical issues.
The level of computational skills acquired by students is occasionally high with a particular focus in programming complex phenomena in discrete or continuous structural systems. Similarly, skills associated to the use of Software (commercial, or open-source) with a highly professional component (use of CAD, BIM, FEM and the like) have improved considerably the level of understanding of more complex structures with stronger and more varied materials. On the other hand, experimental full-or scalereduced structural systems built by students offer hands-on experiences related to the whole construction process but its use in education is limited due to time and economic constraints. In any case, a considerable amount of educational research available for the levels of computational skills [1] [2] [3] , software-based learning [4] [5] [6] and experimental resources [7] [8] [9] proves a long record of academic activity in the field.
Educationally, little attention has been paid though, to the potential use of prototyping electronic platforms in structural engineering classrooms. Broadly speaking, these electronic artifacts involve the usage of sensors, microcontrollers, actuators and occasionally, simple graphical user interfaces (GUI). In particular, these devices may be assembled in a way they provide relevant information related to the response and behavior of simple structures. These platforms have gained popularity in other engineering fields for developing both applications and educational frameworks. Formally, academic educational research related to Robotics [10] [11] , Architecture [12] , Electronics [13] [14] and Control engineering [15] [16] similarly prove an increasing record of academic activity in several other engineering fields with particular educational targets.
In this paper, several computer applications using open-source electronics, open-source Software coupled with illustrative structural problems are developed. The aim of these applications is to show the potential of such artifacts in educational frameworks within the field of structural engineering. For the sake of developing these tools, three different aspects are studied: i) the use of sensors, actuators and electronics, ii) the implementation of different theoretical and numerical solutions of structural problems and iii) the development of a simple GUI using open-source Software for visual understanding of the structural phenomena. The artifacts are built from scratch by students acquainted with the aforementioned concepts of structures but with little to nobackground in electronics.
The results show how these tools together with other digital fabrication technologies may be useful for generating digital artifacts by students in structural engineering classrooms. These devices may be used in many forms educationally for the sake of structural engineering but also, they may help to bridge the existing physical-to-digital gap in civil engineering classrooms, by adding an educational layer that involves the internet of things and the vast array of possibilities it may generate within the field of automation in construction. In this paper, both the development of such tools (section 4) as well as the potential application in the classroom (section 5) are discussed.
Digital fabrication and architecture, civil engineering and construction education (AEC)
Digital fabrication is an amorphous term that encompass a vast array of technologies and practices:
• At first, digital fabrication and modeling has been understood as a process in which computer-aided design is joined with production of objects by means of additive and subtractive technologies (3D printing, laser-cutting, etc). The open-source nature of 3D modeling Software as well as the massive development of 3D technologies foster creativity and open a vast array of new possibilities in education due to their accessibility both technically and economically [17] . As a matter of fact, students in the architecture, engineering and construction fields (AEC) are increasingly using these technologies at several levels. [22] . Others, from the business perspective, pinpoint potential social changes due to this wave [23] . The academic activity worldwide related to automation in construction and digital fabrication is increasing at a fast pace. Research groups joining both fields have presented interesting examples in recent years [24] [25] [26] [27] .
Within the educational framework that is presented in this paper, the term digital fabrication is circumscribed to the realm of development of educational tools in architecture, civil engineering and construction classrooms. The academic activity involving education, digital fabrication and the AEC sector is, however, less abundant [12] [28] . Students at schools of the AEC sector are often acquainted with 3D modeling and production but rather seldom with the development of electronic circuitries and programming. However, these skills are increasingly interesting for AEC students since in the years to come, a considerable proportion of the infrastructure to be built will be provided with additional layers of automation, graphical user-interfaces and humancomputers interaction. As a matter of fact, one active field of research in AEC is Structural Health Monitoring (SHM) in which basically i) sensors, ii) data acquisition systems and iii) Software for analysis are coupled together for the sake of providing real time understanding of the structural integrity of bridges, buildings, efficient architecture, energy systems, sustainable transportation, or other relevant infrastructures.
Tools.
In these examples, digital twins of real experiments are built using three different opensource technologies: Sensors, microcontrollers and visual programming Software. Figure 1 shows the Software and Hardware tools employed. a. For the case of sensors, pressure, distance and light dependent sensors are used. The pressure sensor is a touch-activated module. It consists of a pad that is activated with a finger. The more pressure is applied, the more signal it sends out. The distance sensor is an infrared (IR) module useful for measuring distances without actually touching a surface. The light dependent resistor (LDR) gives out an analog voltage when connected to 5V. This signal varies in magnitude in direct proportion to the input light intensity on it. That is, greater the intensity of light, greater will be the corresponding voltage from the LDR.
b. For the case of microcontrollers, the open-source electronic prototyping board Arduino/Genuino UNO [29] is chosen. Arduino/Genuino Uno is a simple microcontroller board based on the ATmega328P. It has 14 digital input/output pins (of which 6 can be used as Pulse Width Module outputs), 6 analog inputs, a USB connection, a power jack as well as other functionalities. The boards allows starting with electronics in a intuitive fashion. The Arduino Integrated Development Environment IDE allows the user to code and upload programs aimed at obtaining magnitudes from sensors and/or controlling actuators such as motors, LEDs or servos. The Java-written IDE consists of mainly two functions: void setup() for initial arrangements, which is executed once and void loop(), which is executed repeatedly according to the instructions given by the user. Educationally speaking, this platform is suitable for the development of tools by students that are initially not familiar with electronics.
c. For the case of developing simple graphical interfaces, the open-source visual programming Software Processing [30] is chosen. Processing is used in classrooms worldwide, often in art schools and visual arts programs in universities, but it's also found frequently in high schools, computer science programs, and humanities curricula. It is also based in Java syntax and follows an object-oriented programming scheme that allows seamless communication with Arduino IDE. Similarly, the Java-written Processing IDE consists of mainly two functions: void setup() for initial arrangements, which is executed once and void draw(), which is executed repeatedly according to the instructions given by the programmer. Data is collected from serial ports in real-time and thus, visual applications can be developed in an intuitive way.
Prototypes a. Beams and Frames
• Artifact
The device consists of a scale-reduced steel beam as well as a steel frame to a which concentrated loads are applied by means of a movable pressure sensor (see figure 2 ). Forces may be applied vertically downwards or horizontally leftwards in specific members of the beam/frame. The distance at which the forces are applied by the users are automatically read by distance sensors (both vertically and horizontally). The frame aims at providing a useful structural engineering example well known by students. Beams and frames are mathematical models widely described in structural engineering books that reproduce the physical behavior of several constructional elements such buildings, trusses, bridges, and similar structures of various materials.
Figure 2. Lateral view of the beam-frame artifact
• Theory Review
The mathematical formulation for beams and frames is based upon the one-dimensional Euler-Bernoulli beam theory. This formulation describes the relationship between deflections of members subjected to bending and the corresponding applied loads. Under the assumption of linear behaviour of materials, small strains and no transverse shear deformation, a coupled set of equations involving equilibrium (eqs. 1-3), compatibility (eqs. 4-6) and the constitutive relationship between stresses and strains provide closed-form solutions at both internal and external levels of members with simple geometries and boundary conditions. For the former, stresses and their corresponding integrations as forces and moments are obtained. For the latter, reactions, shear forces and bending moments can be derived in closed-form solutions. Fig. 3 shows schematic diagrams from which all equations may be derived.
Accordingly, and after some mathematical simplifications, equilibrium equations read:
in which p1 and p2 are the axial and shear external forces, respectively, and m is the external bending moment.
Subsequently, compatibility equations read:
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where dφ, ρ and χ2 are the angle of rotation, the radius of curvature and the curvature, respectively.
Finally the constitutive equation reads:
with E as the Young's modulus. • Electronics and circuitries
The Arduino UNO board is the core of the electronics of this device. Analog sensors are attached to it providing an analog signal that it brought to the computer through serial communication. Signals generated by the infrared sensors (see fig. 4 ) provide information about the position of the load and signals coming from the pressure sensor provide information related to the magnitude of the load. All sensors must be powered and grounded accordingly. The GUI of the device displays at real-time external forces (shear, bending and reactions) by means of linear plots that are directly understood by students acquaninted with structural engineering. The user may choose among several structural cases (displayed in Fig. 5 ) for both beams and frames. On the other hand, results showing stresses and strains at sectional levels are also visualized. Both plots are displayed in the same screen and thus, a real-time studentstructure interaction may be achieved. Fig. 6 shows screenshots of the simple GUI including user-definition of the problem and user-visualization of results. The included options encompass simple cases of both isostatic and redundant beams and frames. Figure 5 . Variation of cases that may be solved and visualized by the GUI Figure 6 . Visualization of results for one example of beams (left) and one example of frames(right)
b. Plates
• Artifact
The device consists of a wooden plate to a which a concentrated load in a determined location is applied with a pressure sensor (see figure 7 -left). The plate aims at providing a useful structural engineering example well known by students. Plates are mathematical models widely described in structural engineering books that reproduce the physical behavior of several constructional elements such as concrete slabs or web or flange panels in steel members. The sensor provides an analog input that can be generated by the student using his/her fingers in a small but sufficient range of numbers ranging from 0-1023. The model is built on four cylindrical supports located at each edge of it, allowing the electronics be hidden underneath (see figure 7 -right). For the sake of determining particular positions, a system of LDRs detecting light is installed following a triangular arrangement. Three small cylindrical holes are made through the plate in order to permit the sunlight reach the light sensors located within. If light does not reach a particular LDR, it means that the pressure sensor blocks it. The systems sends a signal to the Arduino with the (x,y) coordinates of the concentrated load position. • Theory Review
The one-dimensional Euler-Bernoulli beam theory can be extended to a twodimensional mathematical model for thin plates, which is called the Kirchhoff-Love theory of plate [31] . It considers the mid-surface plane of a plate to represent its full geometry, considering the displacement ( , ) along the normal direction of the midplane as the only unknown. The simplicity of this model is given by the assumption of several hypotheses, such as neglecting shear stresses and vertical strains and stresses. Thus, the model is valid only in the range of small strains and thin plates. In practical structural engineering applications, this model reproduces the behaviour of thin-walled plates (such as steel panels).
The particularization of this theory to elastic, isotropic and homogeneous materials leads to the equilibrium differential equation [32] given in (8):
where ( , ) refers to the loading of a unit force normal to the mid-plane, and to the rigidity of the plate. In addition, and refer to the Young's modulus and the Poisson's ratio, respectively, and to the thickness of the plate.
(xi,yi)
A wide range of approaches can be considered in order to solve this PDE. For the sake of simplicity, the Navier direct method has been considered, which is restricted to rectangular geometries with simply-supported edges. The main idea is to express both the load and the displacements field in terms of sinusoidal Fourier series as read in eqs. 9 and 10:
; (10) where and are the and -dimensions of the plate, and and are the indices of each term in the Fourier serie in each and -direction. Note that (9) implicitly holds the simply-supported boundary condition. Since ( , ) is known, the coefficients can be found using the orthogonality of Fourier components:
We restrict ( , ) to be a point load , in order to simplify the computations and in order to allow the user to apply load to the plate interactively with his/her finger. Thus, eq. (12) leads to:
being � , � the application point.
Inserting (9), (10) and (11) into equation (8 and deriving it, we reach a set of equations that allows finding for each term:
The obtained value is introduced into (10) to retrieve the analytical solution of the plate. Note that these sinusoidal Fourier series are composed by infinite terms ( = 1 … ∞, = 1 … ∞). In order to get a real solution, the series have to be truncated to a finite number of terms in each direction ( = 1 … ∈ ℕ, = 1 … ∈ ℕ). Internal forces within the plate (e.g. bending moments and shear forces) can be easily derived from the displacements field as explained in [32] . Figure 8 shows a scheme of equilibrium and compatibility from which all equations are derived. 
• Electronics and circuitries
The Arduino UNO board is the core of the electronics of this device. Analog sensors are attached to it providing an analog signal that it brought to the computer through serial communication. These sensors are a) one pressure sensor and b) three LDRs, to catch the value of the load and its location respectively. Figure 9 displays a schematic circuitry including a breadboard, LDR, resistors and a pressure sensor. Since the LDR cells are located below each hole in the plate, they are fixed, and therefore the plate is only loadable at those specific points (more complex devices may be conceived by adding LDR or other devices). Both setup() and loop() functions are uploaded to the board. Analog magnitudes from the pressure sensor and (xi,yi) coordinates of the application of the load are obtained many times per second and sent to Processing, the code in which all calculations are performed and also, the results are visually displayed. At the computer level, the vertical displacement as well as the corresponding plate internal forces are calculated by means of the aforedescribed theory for plates. The input data is, many times per second, the data coming from the Arduino board (pressure and position). This process is repeated accordingly and provides to an interactive device: the results of the computation depend on the user's loading at practically real-time.
• The simple GUI (Graphical User Interface)
The GUI of the device displays at real-time the vertical displacements and andbending moments by means of colored contour plots (see figure 10 ). To this purpose, a color bar beside each plot maps the colors with the values of the output. This color bar is fixed, and ranges between the maximum and minimum values of the represented physical magnitude, which are given when the maximum point load is applied.
All constant parameters of the simulation (such as the elastic parameters of the plate, the number of terms of the Fourier series in the and -directions, the force mapping and the spatial resolution of the solution) are set at the first lines of the code, before running the program and may be tuned by the user.
When the program is run, the contour plots are empty. The software is constantly comparing the values of the different light sensors, and only starts computing when the values differ above a given tolerance. This difference is given since the pressure sensor covers one of the three holes. In this case, the computations are done with a unit point load applied at the location of the covered hole. The results are afterwards multiplied by the value of the point load given by the pressure sensor, which is amplified by a given constant factor in order to reproduce loads of a relevant order of magnitude in civil engineering studies. Figure 10 . GUI of the point loaded plate. Vertical displacement and bending moments in both x-and y-axis are represented by colored contour fills. The load is interactively applied by the user's hand, pressing the plate prototype at one of the three loadable locations (Load amplification factor = 10 5 ). Figure 11 displays the schematic path the measured data follows from the physical object to screen visualization throughout sensors and microcontrollers. 
Educational potential in structural engineering classrooms
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Structural engineering classrooms may benefit by the addition of digital fabrication layers within the curricula by many means, some of which are listed herein:
• Students may develop hands-on experiences related to the construction of meaningful structures. The construction of such structures generally imply decisions related to boundary conditions, application of forces and materials that are studied thoroughly from the theoretical perspective. Feedback obtained so far shows the benefits of hands-on experiences for the understanding of problems associated with real construction. Questions such as how the structure should be fixed or loaded fundamental and easily solved with physical devices. On the other hand, 3D printing provides a vast array of new possibilities. More advanced and complex structures can be fabricated and thus studied.
• These structures must be solved theoretically. The mathematics behind these solutions are as cornerstone as in other educational frameworks. The solution of such simple (or complex structures) includes that the user must assess the level of stress, strain and deformation of the physical bodies. This is a classic objective in structural engineering curricula. The hands-on experience reinforces the accomplishment of such primary objectives.
• In addition, presently, it is important for civil engineering students to understand the mechanics of Structural Health Monitoring (SHM). Real structures are increasingly monitored with both short-and long-term deployments including sensors, data loggers and data visualization. The development simple tools, in which data coming from sensors is visualized in simple GUIs may prepare these students for more advanced courses related to high-precision, cutting-edge courses devoted to monitoring of real structures.
• Similarly, a simple introduction to sensors and microcontrollers facilitate more advanced courses related to automation and robotics in construction, which are increasingly enriching civil and construction engineering curricula.
Educational potential in civil engineering classrooms
The information path depicted in Fig. 11 may be extrapolated to other modules in civil engineering schools such as those related to fluid mechanics, soils, transportation, environmental engineering and the like. The available array of sensors is vast as well as the potential application in the development of digital twins with various applications. As a matter of fact, one of the ongoing projects of the educational research group is related to the fabrication of simple digital twins in courses such as experimental techniques in construction, soils mechanics and marine engineering. The developed devices present a low level of complexity but students are highly rewarded by the achieved results. Hands-on experience foster intrinsic motivation since results are tangible, meaningful and visible by students and peers. However, scaffolding methods integrating these technologies in civil engineering curricula are still in their infancies and have neither been systematically nor objectively assessed within the school.
Promisingly, digital fabrication technology is gradually becoming better and more accessible. Worldwide institutions of the AEC educational sector may afford including such technologies both economically and technically. This is particularly appealing for low-income schools. In addition, since these technologies are being embraced at early educational stages (high schools and even elementary schools), students are increasingly acquainted with tinkering and making digital craft before starting college. These technologies foster creativity related to "building", "constructing", "making", which are concepts that underpin the philosophy of all courses in the AEC educational sector. The creation of digital twins from scratch using sensors, microcontrollers and GUI's in other units provide similar benefits to those discussed in section 5. In addition, more philosophical advantages related to the educational experience may be listed:
• Generally speaking, digital fabrication allows fostering active methodologies in classrooms. Digital fabrication labs can enact project-based, student-centered, constructionist learning and similar methodologies.
• Particularly in AEC sector, digital fabrication enables to create a technical framework related to the Internet of Things and how it works. This is interesting for the development of tools related to automation in construction, structural health monitoring, efficient buildings and other disruptive trends within the sector. The use of sensors, microcontrollers, actuators and the development of simple GUI's allows understanding the technical parts of physical-to-digital or digital-to-physical systems, which will be of the utmost importance in the AEC field in the years to come. Unfortunately, in most AEC schools, this gap has not yet been educationally bridged within the incumbent curricula.
Conclusions and on-going development
In this paper, computer applications related to structural engineering and digital fabrication to be used in classrooms are depicted. The applications are developed with the aim of joining the use of sensors, the use of theoretical mathematical concepts behind the structural problems and the use of simple graphical-user interfaces. All applications are developed following an open-source philosophy when it comes to Hardware and Software. The devices are portable and may be used directly in classrooms as educational tools related to structural engineering. Simple GUI's show relevant information related to the behavior of such structures in real-time and thus, meaningful magnitudes such as stresses, strains, deflections and deformations are analyzed in a rea-time basis by students and facilitators. In addition, it is found that the development of this sort of applications is particularly interesting for AEC students from the digital fabrication perspective, that is to say, creating project-based methodologies in structural engineering classrooms, in which such applications are briefed to students as structural projects, may enrich such courses by adding two extra layers:
• The application of abstract concepts by means of a constructionist studentcentered approach. Hands-on development of tools that involve experimental, numerical and physical modeling foster creativity, self-esteem, tinkering and ultimately, engineering.
• The mechanics of the Internet of Things (from physical-to-digital or viceversa) are developed in a hands-on fashion. The availability and accessibility of low-cost electronics and 3D technologies nowadays allow implementing in school labs such deployments. Understanding such concepts is crucial for those AEC students interested in the realm of automation in construction, structural health monitoring and intelligent infrastructure.
